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ABSTRACT 


y 


Hie  objective  of  this  study  is  the  measurement  of  the  infrared  absorption 
coefficients  and  absorption  line  spacing  of  several  boron  compounds  in  the  gag 
phase  over  the  temperature  range  of  300  to  150^.  In  the  past  year,  the 
following  technical  progress  was  made.  The  apparatus  was  designed,  and  the 
variable  temperature  flow  tiibe  in  vdiich  the  boron  compovmds  are  made  by  reaction 
was  coi^nicted.  In  initial  tests  the  flow  reactor  achieved  its  design  temperature 
of  1500^,  while  using  only  half  of  the  available  power  of  the  heating  elements. 

In  addition,  a separate  flow  simulation  experiment  in  a scale  model  of  the  flow 
tube  was  used  to  verify  the  design  of  the  critical  spectroscopic  analysis  region 
and  to  establish  the  range  of  flow  conditions  over  which  the  flow  wUl  be  well 
bdiaved.  Penally,  the  optical  system  for  the  low  resolution  spectroscopic 
measurements  was  fabricated  and  assembled  on  the  apparatus. 
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1.  INTRODUCTION 


Hie  objective  of  the  present  research  program  Is  the  performance  of 
quantitative  spectroscopic  measurements  on  a number  of  boron  oxides,  fluorides, 
and  oxy-fluorides.  The  measurement  program  is  designed  to  produce  results  which 
are  suitable  for  use  in  infrared  radiation  band  models and,  therefore,  the 
infrared  absorption  measurements  will  be  performed  at  high  spectral  resolution,  as 
well  as  at  low  spectral  resolution.  This  will  permit  the  determination  of  the  two 
band  model  parameters  the  average  absorption  coefficient  and  the  fine  structure 

parameter^^  In  addition,  the  measurements  will  be  performed  within  flie 
temperature  range  of  300-1 500°K,  with  a possible  extension  to  1800°K.  At 
present,  it  is  anticipated  that  measurements  will  be  performed  on  the  species 
BFg,  BF,  OBF,  HBOg,  and  BOg.  These  species  must  be  produced  in  hi^ 
temperature  reactions,  with  the  exception  of  BFg  which  is  a commercially 
available  gas. 

A conceptual  diagram  of  the  experimental  apparatus  is  shown  in  Figure  1. 

The  species  of  interest  are  prxxluced  by  reaction  in,  or  introduced  into,  a variable 
temperature  flow  reactor.  Then,  the  flow  is  passed  throu^  an  analysis  region 
in  which  a multi-pass  absorption  cell  (White  cell)  is  moimted  perpendicxilar 
to  tile  flow  direction.  Finally,  a portion  of  the  flow  is  sampled  by  a molecular 
beam  mass  spectrometer  before  being  exhausted  to  a large  mechanical  vacuum 
pump.  Since  the  number  density  of  the  absorbli^  species  is  measured  in-situ 
by  the  mass  spectrometer,  one  can  obtain  absolute  values  for  the  absorption 
coefficients  without  assuming  that  the  reactive  species  In  the  flow  tube  have 
achieved  local  thermodynamic  equilibrium. 

The  remainder  of  this  report  is  organized  as  follows:  The  details  of  the 
apparatus  will  be  described  in  Section  2.  A flow  simulation  study  that  was  imdertaken 
in  support  of  the  design  of  the  crucial  analysis  region  will  be  described  in  Section  3. 
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Finally,  the  present  status  of  the  contractual  effort  will  be  sinnmarlzed  in 
Section  4,  along  with  a brief  discussion  of  the  plans  for  work  in  the  immediate 
future. 
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2.  APPARATUS  DESCRIPTION 


The  design  of  the  variable  temperature  flow  reactor  is  shown  in  Figure  2. 

The  outer  vacuum  jacket  is  constructed  of  steel  and  is  water-cooled,  as  are  the 
aluminum  end  plate  assemblies.  The  water  coolii^  protects  temperature-sensitive 
components  and  ensures  stability  of  the  White  Cell  dimensions.  The  rear"  end 
plate  holds  the  alumina  flow  tube,  as  well  as  power  gas  and  thermocouple 
feedthrou^s.  The  "front " flange  is  designed  for  mounting  to  the  quadrupole  mass 
spectrometer  or  to  a blank  flange  for  tests  and  for  experiments  for  which  mass 
spectrometer  sampling  is  not  required.  In  the  analysis  region,  ei^t  four-inch 
flanges  are  placed  around  the  circumference  of  the  vacuum  jacket.  Four  of  these 
ports  are  connected  by  alumina  tubes  to  the  main  flow  tube  and  provide  for  optical 
analysis  of  the  hot  flowing  gas.  This  optical  analysis  can  consist  of  absorption  or 
emission  measurements  using  the  White  Cell  or  of  fluorescence  measurements 
using  two  ports  at  right  angles  to  each  other.  One  of  the  remaining  four  ports  is 
presently  connected  to  a Kinney  Vacuum  KMBD  1602  mechanical  vacuiun  pump 
with  an  effective  pumping  speed  of  approximately  1000  cfm.  Tbe  other  three 
ports  are  presently  unused. 

The  main  elements  of  the  thermal  design  include  the  heating  elements  and  the 
surrounding  layer  of  refractory  insulation.  The  refractory  insulation  is  composed 
of  a self-supporting  ” spool*'  of  rigid  alumina  fiber  insxilation  (Zircar  Products, 

Inc. ),  upon  which  is  wound  several  layers  of  Zircar  alumina  fiber  blanicet 
insulation,  followed  by  additional  layers  of  Carborundum  Company  alumina- 
silica  blanket  insulation.  The  insulation  assembly  has  an  inside  diameter  of 
6 inches  (15  cm)  and  is  designed  to  withstand  continuous  operating  temperatures 
in  excess  of  1800°K.  The  commercially-available  Kanthal  A-1  heating  elements 
that  are  currently  being  used  have  a design  temperature  rating  of  1500°K  and  a 
power  c^ability  of  over  6 kW  (Thermcraft,  Inc.  type  RH).  The  heaters  are 
supplied  with  power  by  Love  Controls  Corporation  solid-state  temperature 
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Figure  2.  Cross  Sectional  View  Of  Heated  Flow  Reactor 
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controllers  and  power  supply  units.  In  preliminary  tests,  the  fully  assembled  flow 
reactor  achieved  a temperature  of  1500°K  with  a power  consumption  of  less  than 
3 kW.  Thus,  the  thermal  design  of  the  flow  reactor  is  adequate  for  the  performance 
of  experiments  at  ISOO^K.  Finally,  it  should  be  noted  that  the  flow  reactor  could 
be  operated  at  a temperature  of  ISOO^K  if  one  replaced  the  Kanthal  heating  dements 
with  platinum-rhodium  heater  wire  wound  around  the  central  alumina  flow  tube. 

This  would  also  require  a small  change  in  the  power  si;pply  circuit. 

nie  design  of  the  gas  flow  system  within  the  variable  temperature  flow  reactor 
is  fairly  complicated  due  to  the  constraints  imposed  by  the  necessity  of  making 
infrared  absorption  measurements  in  the  analysis  r^on.  Figure  2 shows  the 
configuration  that  will  be  used  in  the  initial  measurements  on  BF„.  Hie  main  flow 
inside  the  2 7/8  inch  (7. 3 cm)  inside  diameter  99. 8%  alumina  flow  tube 
(McDanel  Refractory  Porcelain  Company)  contains  argon  carrier  gas  + BF_.  This 
gas  is  heated  as  it  passes  through  two  preheaters  which  are  1 inch  (2. 5 cm)  thick 
mullite  ' ' honeycomb' ' hole  arrays  having  1. 6 mm  (1/16  inches)  round  holes  and 
a 67%  frontal  open  area  (General  Refractories  Company).  The  heated  gas  then 
passes  throu^  an  isothermal  region  of  the  flow  tube  and  a subsonic  nozzle  before 
entering  the  spectroscopic  analysis  region.  A second,  external  flow  of  Ar  passes 
around  the  outside  of  the  main  flow  tube  and  through  a coaxial,  annular  subsonic 
nozzle,  after  which  it  merges  with  the  main,  core  flow,  hi  addition,  small  flows 
of  Ar  are  added  to  each  of  the  four  optics  tubes  as  a purge  gas  in  order  to  keep 
the  optics  clean.  The  six  flows  of  gas  meet  in  the  center  of  the  analysis  region 
in  a section  of  the  flow  system  that  is  made  from  Cotronics  Corporation  960 
machinable  alumina  ceramic.  This  six-arm  cross  piece  supports  the  main  flow 
tube  and  the  four  optics  tubes.  However,  its  main  purpose  is  to  provide  an 
environment  in  which  the  flow  from  the  main  tube  will  be  well-behaved  as  it 
traverses  the  White  Cell,  impinges  on  the  mass  spectrometer  sampling  orifice, 
and  is  exhausted  by  the  mechanical  piunp.  Thus,  the  design  of  this  element  of 
the  flow  system  is  particularly  important  to  the  success  of  the  experimental 
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program,  and  a separate  experimental  stu^  was  undertaken  in  order  to  ensure  that 
% the  proposed  design  would  adequately  control  the  gas  flow  in  the  analysis  region. 

Tliis  study  is  described  in  Section  3 of  this  report. 

The  design  of  the  present  external  optical  system  for  the  infrared  absorption 
measurements  is  sh'^wn  in  Figure  3.  This  double  beam  optical  system  has  been 
designed  for  the  initial,  low  spectral  resolution  measurements.  The  infrared 
radiation  source  is  a Perkin-Elmer  Corporation  "Opperman  Source"  which  is 
used  in  their  current  infrared  spectrometers.  The  radiation  impinges  on  a 
mirror-bladed,  50%  duty  cycle  chopping  wheel  (Valtec  Corporation)  which  alternately 
allows  it  to  pass  into  the  White  Cell  or  reflects  it,  thereby  bsrpassing  the 
White  Cell,  hi  Fignre  3,  M2,  M3,  M4,  M7,  and  M8  are  flat  mirrors:  Ml  and  M9  are 
spherical  mirrors;  and  M5  and  M6  are  off-axis  paraboloid  mirrors.  'The  beam 
splitter  is  made  of  uncoated  zinc  selenide,  the  monochromator  is  a Spex  Minimate, 
and  the  detector  is  a Santa  Barbara  Research  Corporation  HgCdTe  photoconductive 
detector,  in  front  of  which  is  placed  an  order-sorting  (long  wavelength  pass) 
filter  in  order  to  avoid  interference  from  hi^er  order  diffraction  in  the 
monochromator.  Since  the  optical  system  consists  of  reflective  optics  (except 
for  the  zinc  selenide  beam  splitter),  it  is  achromatic,  and  it  can  be  aligned  with 
the  use  of  a helium-neon  laser. 

The  only  other  major  subsystem  that  must  be  completed  is  the  interface 
between  the  variable  temperature  flow  tube  and  the  molecular  beam  mass 
spectrometer.  This  will  be  accomplished  in  the  second  year  of  the  contract. 


3.  FLOW  SIMULATION  STUDY  FOR  ANALYSIS  REGION 


As  was  noted  in  Section  2,  a crucial  element  of  the  apparatus  design  is  the 
configuration  of  the  flow  system  in  the  spectroscopic  analysis  region  of  the  variable 
temperature  flow  tube.  In  order  for  one  to  be  able  to  perform  quantitative  absorption 
(or  emission)  measurements  on  the  flow  tube  gases,  three  ciiteiia  must  be 
satisfied:  (1)  the  geometry  of  the  absorbing  gas  flow  must  be  well  defined  in  the 
r^on  where  it  traverses  the  White  Cell;  (2)  the  flow  in  this  regicm  must  be  stable; 
and  (3)  the  temperature  of  the  absorbing  gas  flow  must  be  well  defined  (and, 
preferably,  the  gas  should  be  isothermal).  To  satisfy  these  criteria,  the  absorbing 
flow  should  ideally  be  confined  in  a cylindrical  geometry  and  be  located  in  a 
stable  position,  without  any  recirculation  of  absorbing  gas  into  the  optics  tubes 
(i.  e. , the  flow  should  behave  as  if  it  were  confined  by  a cylindrical  tube).  For  an 
ambient  temperature  flow  tube  with  single-pass  optics,  one  could  simply  place 
optical  windows  on  the  flow  tube;  however,  the  present  experiment  requires  high 
absorbii^  gas  temperatures  and  a multi-pass  absorption  cell  (for  additional 
sensitivity).  This  necessitates  the  use  of  a waU-less  confinement  of  the  absorbing 
gases  as  they  pass  throu^  the  analysis  region.  This  can  only  be  accomplished 
by  fluid  mechanical  confinement  of  the  absorbing  gas  flow. 

The  analysis  region  design  shown  in  Figure  4 was  considered  to  be  most 
promising.  Heire,  the  main,  absorbing  gas  flow  and  the  outer,  coaxial  "shield" 
gas  flow  ai^  both  passed  throu^  subsonic  nozzles,  after  which  they  join  and 
pass  throu^  the  analysis  region.  The  area  ratio  of  the  main  flow  nozzle  to  the 
shield  flow  nozzle  is  2:1,  and  the  corresponding  flow  rates  are  also  designed  to 
be  in  a 2:1  ratio  so  that  the  velocities  of  the  two  flows  will  be  the  same  when  th^ 
meet  downstream  of  the  nozzles.  In  addition,  it  was  estimated  that  the  flow  of 
purge  gas  into  the  optics  tubes  should  equal  approximately  10%  of  the  main  flow 
and  should  be  evenly  divided  between  the  four  optics  tubes. 
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This  flow  geometry  is  considerably  more  complicated  than  that  used  previously 
for  flow  reactors and  the  design  criteria  for  the  confinement  of  the  absorbing 
gas  flow  are  quite  strict.  Thus,  it  was  concluded  that  this  crucial  element  of  the 
flow  system  design  should  be  tested  in  a flow  simulation  experiment  before  the 
fabrication  of  the  six-arm  cross  out  of  machinable  alumina  ceramic.  This  would 
obviate  the  need  for  a major  system  redesign  if  the  Initial  design  proved  to  be 
inadeqtiate  and  would  establish  the  approximate  ranga  of  (derating  flow  conditions 
over  which  the  flow  confinement  of  the  absorbing  gas  would  be  effective. 

The  flow  simulation  experiment  was  set  up  in  the  following  manner;  A 1/2 
scale  model  of  the  flow  system  was  fabricated  out  of  plastic  (poljrmethyl  metha- 
crylate) with  flowmeters  monitoring  the  main  flow,  the  shield  flow,  and  the  four 
purge  flows.  The  gas  flow  was  simulated  by  using  a water  flow  with  the  same 
Reynolds  number,  which  is  a standard  technique  in  fluid  mechanics  and  is  valid 
for  subsonic,  incompressib’  ,>  flows The  flow  pattern  is  determined  by  injection 
of  Fluorescein  dye  into  any  one  of  the  water  flows  and  observation  of  the  bri^t 
halogen  lamp. 


The  required  water  flow  velocity  (and,  therefore,  flow  rate)  is  obtained 
from  the  flow  velocity  of  Ar  that  is  to  be  simulated  by  equating  the  Reynolds 
numbers  of  the  flows; 


pud  _ p'  u*  d* 
rj  r\ 


(1) 


where  p is  the  density,  u is  the  flow  velocity,  d is  the  tube  diameter,  17  is  the 

viscosity,  and  the  prime  refers  to  the  conditions  for  water.  Then,  we  let 

—6  3 

d'  = l/2d  and  P = P . P,  where  p = .2. 35  x lO”  g/cm  /torr  and  P is  the  Ar 

^ ^ 3 —4  —2 

pressure  in  torn.  Also,  P'  = Ig/cm  , rj  = 2.  2 x 10  poise,  and  rf  = 1. 0 x 10 

poise  (at  20°C).  This  leads  to  the  expression 
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u'  = 2. 1 X lO”^  Pu.  (2 

Thus,  for  a given  flow  velocity  u of  Ar  at  20®C  and  at  a pressure  P,  we  are 
able  to  obtain  the  water  velocity  u’  that  is  required  for  the  simulation.  Of 
course,  if  one  wanted  to  simulate  Ar  flows  at  other  temperatures,  one 
would  then  have  to  substitute  the  appropriate  values  of  p and  r}. 

When  the  flow  simulation  experiments  were  performed,  a number  of 
interesting  results  were  observed.  The  major  result  is  that  with  a Reynolds 
number  for  the  main  flow  that  is  greater  than  approximately  100,  and  for  the 
flow  rate  ratios  given  above  (main:  shield:  purge  = 10:5:1),  the  main  flow 
appears  to  be  stable  and  cylindrical  in  form  as  it  passes  throu^  the  analysis 
region.  (From  a practical  point  of  view,  it  would  be  probably  be  wise  to  operate 
the  flow  reactor  at  Re  ~ 200. ) Under  these  stable  flow  conditions,  no  recirculation 
pattern  of  main  flow  water  was  observed  in  the  "optics  tubes".  However,  vdien 
dye  was  added  to  the  water  of  the  shield  flow,  a strong  recirculation  pattern  of 
shield  flow  water  was  observed  in  the  optics  tubes,  and  this  phenomenon  persisted 
even  at  the  hipest  main  flow  Reynolds  number  (560)  used  in  the  experiments. 

Thus,  it  may  be  concluded  that  a simpler  flow  configuration  without  a shield  flow 
would  not  satisfy  the  analysis  region  design  criteria  since  there  would  be 
recirculation  of  absorbing  gas  in  the  optics  tubes.  The  present  design  is 
successful  because  only  the  non-absorbing  shield  gas  recirculates  in  the  optics 
txibes,  while  the  main  flow  of  absorbing  gas  is  confined  by  the  shield  flow  to  a 
cylindrical  r^on  in  the  center  of  the  analysis  region.  In  addition,  since  the 
shield  gas  is  at  the  same  temperature  as  the  main  flow,  the  column  of  absorbing 
gas  should  be  essentially  isothermal. 

Finally,  it  is  Interesting  to  examine  the  practical  consequences  of  the  flow 
limits  of  the  present  apparatus.  If  we  assume  a minimum  R^olds  number  of 
200  and  a carrier  gas  of  room  temperature  Ar,  we  obtain  the  minimum  flow 
velocity  u at  a pressure  P from  Equation  (1).  This  yields 
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2560  cm/sec  - torr. 


For  example,  the  minimum  room  temperature  Ar  flow  velocity  at  10  torr  would 
be  approximately  2. 6 m/sec.  Conversely,  the  maximum  flow  vdocity  (within 
the  limitations  imposed  by  the  pumping  system)  is  determined  by  the  Rejnoolds 
number  above  which  the  flow  becomes  turbulent.  Since  the  transition  region 
from  laminar  to  turbulent  flow  occurs  at  Re}molds  number  of  between  2,  000  and 
10,  000 we  may  choose  a value  of  2,  000  as  a safe  upper  limit.  This  yields 
the  relation 

[up]  = 25,  600  cm/sec  - torr. 

Thus,  it  should  be  possible  to  operate  the  variable  temperature  flow  reactor 
over  its  projected  operating  range  of  1-100  torr  and  1-70  my^ec  flow  velocity 
(limited  by  speed  of  pump).  If  necessitated  by  the  experiments,  these  operating 
ranges  could  be  extended,  subject  to  the  constraints  of  Equations  (3)  and  (4). 


4.  SUMMARY 


Hie  present  status  of  the  contractual  effort  may  be  summarized  as  follows: 

Ihe  apparatus  has  been  designed,  and  the  construction  is  largely  compile.  Ihe 
major  remaining  construction  job  is  the  interface  of  the  variable  temperature  flow 
reactor  and  the  molecular  beam  mass  spectrometer. 

The  initial  low  spectral  resolution  measurements  will  be  performed  on  BF„, 

u 

since  it  is  a commercially  available  gas.  However,  in-situ  calibrations  and  checks 
of  the  apparatus  will  be  performed  with  the  use  of  CO  as  the  absorbing  gas  since  it 
has  been  studied  much  moire  extensively  than  BF^,  particularly  at  hi^  temperatures. 
Subsequently,  the  spectral  absorption  coefficients  of  BF,  BOg,  OBF,  and  HBOg 
will  be  measured  at  low  spectral  resolution.  The  major  experimental  challenge 
with  these  molecules  will  be  the  development  of  sources  for  the  creation  of  these 
molecules  by  reaction  in  the  flow  tube  or  for  the  introduction  of  these  molecules 
into  the  flow  tube.  Once  the  sources  have  been  developed,  the  absorption 
measurements  would  be  made  in  a relatively  straightforward  manner, 
following  the  procedures  developed  for  BF_. 

O 

Finally,  longer  range  plans  call  for  hi^  spectral  resolution  measurements 
on  the  above  species,  which  would  be  performed  with  the  tise  of  a tunable  diode 
laser  as  the  radiation  source. 
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